Introduction
During the period 1971 to 1977 the ISR operated primarily at 26.6 GeV which is the optimum ejection energy of the injector synchrotron CPS. Early acceleration tests in 1972 had demonstrated that the magnetic field precision could be maintained up to a maximum energy of 31.4 GeV, the limit being set by the main power supplies. Improvements in stacking techniques1 and the introduction of new equipment have permitted stable circulating currents of 36 Amps to be stacked at 26.6 GeV. Parallel development of acceleration by phase displacement has enabled such high intensity stacks to be accelerated to 31. 4 GeV with only a few per cent loss in beam current.
Principle of Acceleration by Phase Displacement
By this technique2, a stacked beam is accelerated stepwise in small energy increments (i.e. 0.025 GeV). Each increment corresponds to the passage of a train of 30 empty buckets through the coasting beam, and is referred to as "a sweep". The buckets generated by the normal stacking RF system pass from high to low momentum and ideally the step increase in momentum is:
where Ab is the total bucket area, which is a function of the RF phase angle 4, and /V .
The beam is maintained in the centre of the vacuum chamber by simultaneously increasing the main bending field during each RF sweep. Variations in the machine tune, chromaticity and closed orbit due to magnetic saturation and increased beam momentum are corrected at the same time. A typical acceleration requires some 200 sweeps and simultaneous control of both the RF system and magnet systems is performed by the control computers3.
Effects of Modulation on the Bucket Area
The longitudinal efficiency of phase displacement acceleration may be quantified by three main parameters:
( The ELSAl working line is employed because of the large tune spread available for transverse stability and also because it is free of non linear resonances of order less than 7. This working line permits the addition of the low-S section7 in one intersection which is applied at 26 GeV and progressively adjusted during acceleration to 31.4 GeV. Additional tuning quadrupoles have been used so as to leave the poleface windings with a greater flexibility in correcting for magnetic saturation and incoherent space charge effects. Systematic cycling of most magnetic elements is performed prior to injection. Since tune values on the high momentum side are close to the integer resonance, the closed orbit becomes extremely sensitive to small magnetic errors. Both the working lines and the closed orbits were measured and corrected for each 1 GeV step in an initial experiment. Interpolation between settings at these fixed energies is performed for each magnetic element and for every phase displacement sweep. (ii) Two (Fig. 1) . Therefore, the requirements for simultaneous minimisation of the current loss per sweep and of the vertical beam height cannot be met simply. Development is in progress to compensate for the dipolar resonance either by suitable beam separation in all intersecting regions, taking into account the irregular phase advance between the intersections due to the low-S insertion, or by active damping.
Operational Techniques
Stacking at 26.6 GeV is performed in a manner similar to that described in a previous paperl except that high intensity currents to be stacked more efficiently, and reliably. The new approach to magnet cycling has improved the reproducibility of the magnetic machine, in particular with respect to the horizontal closed orbit, which governs the available aperture during acceleration. The 36A stack at 26 GeV would ideally be built with a momentum spread of 3% (with an average width of 60 mm and a density of 0.6 A/mm). In practice, a somewhat lower current is stacked (Fig. 2) in order to ensure a safety margin against transverse instability and to avoid problems during acceleration. The density during stacking is controlled by regulating the intensity of the injected beam pulses by vertical scraping.
After stacking, the withdrawal of the injection kicker magnets allows the stack to be centered in the vacuum chamber at 26.6 GeV, thus increasing the available horizontal aperture for phase displacement acceleration. (Fig. 3) . Prior (Fig. 2) The improvements in ISR luminosity performance at 31. 4 GeV since 1977 are shown in Fig. 3 . Table 1 shows further data on runs for physics. The ISR are currently operated close to the longterm vacuum and transverse stability limits; developments to the relevant systems are in progress and combined with improved exploitation of the control system and with new diagnostics12, will provide the capability to obtain 40 A of circulating beam current at 31.4 GeV. 
